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So far there has been no report of any clinical or preclinical evidence for chromosomal vector integration
following adenovirus (Ad) vector-mediated gene transfer in vivo. We used liver gene transfer with high-capacity
Ad vectors in the FAH�exon5 mouse model to analyze homologous and heterologous recombination events
between vector and chromosomal DNA. Intravenous injection of Ad vectors either expressing a fumarylaceto-
acetate hydrolase (FAH) cDNA or carrying part of the FAH genomic locus resulted in liver nodules of
FAH-expressing hepatocytes, demonstrating chromosomal vector integration. Analysis of junctions between
vector and chromosomal DNA following heterologous recombination indicated integration of the vector genome
through its termini. Heterologous recombination occurred with a median frequency of 6.72 � 10�5 per
transduced hepatocyte, while homologous recombination occurred more rarely with a median frequency of
3.88 � 10�7. This study has established quantitative and qualitative data on recombination of adenoviral
vector DNA with genomic DNA in vivo, contributing to a risk-benefit assessment of the biosafety of Ad
vector-mediated gene transfer.

Recombinant adenovirus (Ad) vectors are under clinical de-
velopment for different applications, including tumor therapy,
vaccination, and gene therapy. Today, the largest number of
clinical gene transfer trials has been based on Ad vectors (http:
//www.wiley.co.uk/genmed/clinical). Several Ad vectors are in
phase III clinical trials, and two products have already been ap-
proved in China. The occurrence of malignancies due to retroviral
integration and oncogene activation in a clinical trial for the
treatment of children with SCID-X1 (10) has pointed to the need
for a thorough preclinical evaluation of potential genotoxic effects
due to chromosomal integration of gene transfer vectors as an
important part of the overall risk-benefit analysis. Detailed infor-
mation on genotoxicity following gene transfer is available for
vectors derived from viruses of the Retroviridae and Parvoviridae
families (2, 20, 23, 26, 46). Between 60 and 75% of integrations of
retrovirus, lentivirus, or adeno-associated virus (AAV)-based vec-
tors take place in or close to genes.

Chromosomal integration of Ad vector DNA following gene
transfer in cell culture has been analyzed in only a few studies,
and even less is known about Ad vector integration in vivo.
Since the life cycle of wild-type adenovirus is extrachromo-

somal, Ad vectors are perceived to be nonintegrating vectors.
However, in earlier studies it was observed that injection of
hamsters with wild-type adenovirus type 12 (Ad12) resulted in
tumor formation due to chromosomal integration of virus
DNA and expression of the E1A/E1B oncoproteins (33). Re-
cent in vitro studies with Ad vectors with E1 deletions have
demonstrated the occurrence of vector integration following
transduction of transformed cell lines and primary cells, with
the frequencies of homologous and heterologous recombina-
tion being between 10�3 and 10�6 and between 10�3 and 10�5

per cell, respectively, depending on the conditions used (12, 14,
28, 36, 37, 42, 43). Since clinical gene transfer trials, including
prophylactic vaccination of healthy volunteers against infec-
tious diseases, are performed with large amounts of vector (in
general, between 1010 and 1013 particles), it is possible that
substantial integration of adenoviral vector DNA might also
occur in vivo even if integration rates were low. However, so far
there has been no attempt to experimentally address the issue
of Ad vector integration in vivo. We used the FAH�exon5

mouse model (8) of tyrosinemia type I (MIM 27670) to analyze
potential homologous and heterologous recombination events
between Ad vector DNA and chromosomal DNA in vivo. Ty-
rosinemia type I is caused by the lack of fumarylacetoacetate
hydrolase, an enzyme that is involved in the tyrosine degrada-
tion pathway and that converts fumarylacetoacetate into fu-
maric acid and acetoacetic acid in hepatocytes (38). Loss of
fumarylacetoacetate hydrolase (FAH) activity in hepatocytes
results in the accumulation of toxic and mutagenic metabolites
in a cell-autonomous fashion, leading after birth to an acute
hepatopathy and later in life to a chronic hepatopathy. Liver
damage can be prevented both in humans and in FAH-defi-
cient animals by the administration of 2-(2-nitro-4-trifluoro-
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methylbenzoyl)-1,3-cyclohexanedione (NTBC), which blocks
the tyrosine degradation pathway by inhibiting 4-hydroxphenyl
pyruvate dioxygenase, thereby preventing the accumulation of
the toxic compounds. The murine FAH gene is located on
chromosome 7, contains 14 exons, and spans 20.5 kb.

The autosomal recessive FAH�exon5 mouse model, in which
exon 5 is disrupted by the insertion of a NeoR gene (8), has
been a useful system to analyze chromosomal integration of
AAV, retrovirus, Sleeping Beauty transposon, and plasmid
DNA in hepatocytes (13, 25, 27, 31). Similar to human ty-
rosinemia type I patients with spontaneous reversions of point
mutations (18), FAH-expressing hepatocytes have a strong
growth advantage over FAH�/� hepatocytes, and the develop-
ing nodules, consisting of FAH-positive [FAH�] hepatocytes,
can be easily distinguished in an environment of FAH�/�

hepatocytes. Following injection of an FAH-expressing Ad
vector with the E1 deletion (30) into FAH�/� mice, the devel-
opment of FAH� nodules in the livers of the experimental
animals was observed, suggesting potential chromosomal integra-
tion of vector DNA. Since transgene expression from vectors with
the E1 deletion is transient, in part due to viral toxicity and an
immune response directed to viral proteins expressed from the
vector, integration events and their characterization were not
possible. We reasoned that the use of high-capacity Ad (HC-Ad)
vectors (also called “helper-dependent” or “gutless” Ad vectors)
(41) not expressing any viral proteins would allow reliable data on
Ad vector integration in vivo to be obtained.

MATERIALS AND METHODS

Plasmid construction. To generate an HC-Ad vector expressing the FAH
cDNA from the respiratory syncytial virus (RSV) promoter, plasmid
pmFAH4AR1 containing the murine FAH cDNA in pTZ19U was digested with
EcoRI and the cDNA was cloned into the HindIII site of pRc/RSV, generating
pSLS15. pSLS15 was digested with NruI and PvuII, and the RSV-FAH cDNA-
expressing cassette was cloned into the SwaI site of pSTK120 (an HC-Ad vector
plasmid carrying a 16-kb human hypoxanthine-guanine phosphoribosyltrans-
ferase [HPRT] stuffer [nucleotides {nt} 1799 to 17853 of the HPRT gene] and a
9-kb c346 stuffer [nt 12421 to 21484 of cosmid c346]) to generate the HC-Ad
vector plasmid pSLS16.

To generate an HC-Ad vector carrying a genomic fragment of the murine
FAH locus, the bacteriophage lambda vector �mFAH6 was digested with NotI
and ClaI (beginning at nt 91754097 of the murine FAH gene) and a 12.3-kb
genomic fragment of the FAH gene containing the FAH region from introns 1
to 9 was cloned into pBKRSV (Stratagene), generating pSLS9. pSLS13 is an
HC-Ad vector shuttle plasmid carrying a 16-kb HPRT stuffer DNA (nt 1799 to
17853 of the human HPRT gene) and was generated by cloning the PmeI
fragment from pSTK68 into the PmeI site of pSTK5. pSLS13 was cleaved with
EcoRV, and the 12.3-kb genomic DNA fragment derived from pSLS9 was
inserted, generating the HC-Ad vector plasmid pSLS14.

Vector production and titration. The HC-AdSLS16 vector (carrying the FAH
cDNA) and the HC-AdSLS14 vector (carrying the FAH genomic DNA fragment
from introns 2 to 9) were produced as described previously (32). The physical
and infectious titers were determined as described previously (17). The particle/
infectious unit (i.u.) ratio of the HC-AdSLS16 vector was 20:1, the particle/i.u.
ratio of the HC-AdSLS14 vector was 10:1, and the level of helper virus contam-
ination was less than 1% in both vector preparations.

Mice. Immunodeficient Rag1�/� FAH�exon5 mice of strain 129SvJ (8) were
used in all experiments. When the animals were kept on NTBC, it was admin-
istered in the drinking water at a concentration of 7.6 mg/ml. The animals were
monitored daily and were weighed weekly. Care and experiments were per-
formed according to the guidelines of the Department of Animal Care at the
Oregon Health Sciences University.

Vector injection and serial transplantation of hepatocytes into recipient livers.
Vectors were administered to the mice via tail vein injection. The serial trans-
plantation of viable hepatocytes into the liver of the recipient mouse via splenic
injection was carried out as described previously (29).

Histology. Histology studies were carried out with liver tissues, as described
previously (30).

Calculation of number of vector molecules reaching the liver following injec-
tions of different doses of HC-Ad vector in the tail vein. The HC-AdSLS16 vector
was injected via the tail vein into FAH�exon5 mice at doses ranging from 1 � 1010

to 5 � 108 i.u. per mouse, and the animals were killed 10 days later (to avoid the
readout from the vector DNA that is known to be present inside Kupffer cells
shortly after gene transfer due to phagocytosis of viral particles). The livers were
harvested, the DNA was extracted, and the vector copy number per cell was
determined using the slot blot method (17), assuming that a diploid mouse cell
has 6 pg of DNA.

Calculation of rate of recombination. Details of the method to calculate
nodule frequency are described in reference 44. Briefly, a mathematical calcu-
lation is used to estimate the frequency of clonal events after FAH� nodules are
counted and their sizes are noted in two dimensions. The maximal nodule size is
then used to correct for the fact that larger nodules are more likely to be scored
in two-dimensional sections, even though they represent only one clonal event.
The calculation makes the assumption that nodules are round spheres and that
the largest nodules found are representative for the average size of all nodules.
Thus, the calculation provides a lower estimate of clonal frequency.

The histology slides containing the liver samples were scanned on a Canon
flatbed scanner along with a size standard. The slides were examined for brown
FAH� cells and nodules. Photos were taken using a Zeiss inverted microscope
and a CCD camera from Hamamatsu (Open Lab [version 3.03] software).
Image-J software was used to determine the size of the liver samples and the cell
numbers, as described in reference 44.

The calculations are exemplified for mouse 5 in Table 3, which received an
injection of AdSLS14. In the six sections studied, a total of 31 FAH� nodules
were counted. The total surface area scanned was 476.82 mm2, and the total
hepatocyte number was 890,222.9. Intravenous injection of 1 � 1010 transducing
Ad vector units resulted in 10 Ad vector genomes per cell, so that a total of
8,902,229 Ad vector genomes were present in 890,222.9 cells. The correction
factor is based on the largest nodule observed in the injected cohort, being eight
in this case. Together, the formula N � 1/H � 1/C, where N is the number of
colonies, H the number of vector genomes in a given number of cells, and C is
the correction factor, is used to calculate the integration rates. In mouse 5 (see
Table 3) the integration rate is 4.35 � 10�7.

Statistical analysis. The exact confidence intervals for the median integration
rates were calculated as described in reference 21.

PCR. Oligodeoxyribonucleotides were purchased from MWG Biotech. To
demonstrate homologous recombination following HC-Ad vector-mediated gene
transfer, the DNA extracted from mice receiving HC-AdSLS14 vector injections
and serial hepatocyte transplants was analyzed by PCR using the primers and
conditions described previously (8).

For isolation of junctions between vector DNA and chromosomal DNA, an
inverse PCR protocol followed by nested PCR, adapted for adenoviral termini,
was carried out as described previously (36). The following primers were used for
the right ITR: RITR1 (5�-CATCACTCCGCCCTAAAACCT-3�), RITR1nest
(5�-TAAAACCTACGTCACCCGCC-3�), RITR4Tsp (5�-CCCTCGAGGTCTC
GACGGTAT-3�), and RITR4nestTsp (5�-CGACGGTATCGATAAGCTTGA-
3�); for the left ITR, LITR1 (5�-GCAACATCACACTTCCGCCAC-3�),
LITR1nest (5�-TACTACGTCACCCGCCCCGT-3�), LITR4Tsp (5�-TGACGT
TTTTGGTGTGCGCCG-3�), and LITR4nestTsp (5�-GCCGGTGTACACAG-
GAAGTGA-3�).

Typically, 1/100 of the product of the inverse PCR was used for the nested
PCR. The PCRs were carried out using Hot Star Taq polymerase (Qiagen). DNA
bands were cut out from agarose gel and cloned into a TOPO TA cloning vector
(Invitrogen) for DNA sequencing.

ENSEMBL version. The ENSEMBL program, release 56 (September 2007),
was used in this study.

RESULTS

Frequency of heterologous recombination between vector
and chromosomal DNA in vivo. Since FAH�exon5 mice have a
hepatopathy, which could influence the uptake of vectors in
hepatocytes following systemic administration, we first deter-
mined the exact number of genomes with the HC-Ad vector
reaching the hepatocytes following injection in this mouse
model. Rag1�/� FAH�exon5 mice were injected via the tail vein
with 1 � 1010, 2 � 109, and 5 � 108 i.u. of the HC-AdSLS16
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vector carrying the murine FAH cDNA under the control of
the RSV promoter (Fig. 1A). Ten days later (when there is no
vector DNA left in Kupffer cells), the livers were harvested and
the DNA was extracted. The vector load was quantified by slot
blot analysis (17) and was found to be 10, 3.2, and 0.45 vector
genomes per cell, about two-thirds of which are hepatocytes,
following injection of 1 � 1010, 2 � 109, and 5 � 108 infectious
vector units, respectively.

The HC-AdSLS16 vector was then used to determine the
rate of heterologous recombination of vector and chromo-
somal DNA in vivo. Because the FAH-expressing hepatocytes
have a strong selective advantage in the context of a tyrosine-
mic liver microenvironment, vector treatment following chro-
mosomal integration would give rise to FAH� nodules, which
are easily observable in an FAH-deficient background. How-
ever, in case of extensive liver transduction, this would not
allow the hepatocytes in which integration occurred to be dis-
tinguished from those in which the vector was still in episomal
form. Therefore, we tested different vector doses to obtain
FAH� nodules that could be easily detected and counted fol-
lowing immunostaining of liver sections. Since a dose of 5 �
108 i.u. was found to result in nodules that could be easily
distinguished and counted following immunostaining of liver
sections, this dose was used in subsequent experiments. Fol-
lowing injection, the mice were kept on NTBC for 30 days to

allow their recovery. Then, selective pressure for the formation
of FAH� liver nodules in the livers of the mice was induced by
depriving the animals of NTBC for 25 days. Thus, NTBC was
restored to the drinking water when mice exhibited physical
conditions of a reduced health state (loss of body weight,
presence of ruffled, unkempt fur). The mice were again taken
off NTBC when they had recovered and killed, and the livers
were harvested. Four of the mice were rotated on and off
NTBC for 9 months, following which they were killed and the
livers were harvested for in situ detection of FAH� cells by
immunohistochemical analysis.

The rate of recombination between vector and chromo-
somal DNA was calculated on the basis of the number of
FAH� nodules in the histology slides (minimum of six slides
per mouse); the number of vector genomes in hepatocytes,
determined as described above; and the correction factor
used in counting FAH� nodules, as described previously
(44). HC-Ad vector DNA integrated into the chromosomal
DNA at a median rate of 6.72 � 10�5/i.u./hepatocyte (me-
dian, 6.72 � 10�5; 96.9% confidence interval [CI], 3.20 �
10�5 to 1.37 � 10�4) in six mice (Table 1). In other words,
about 1 vector genome out of 14,880 hepatocyte-transducing
vector particles integrated into the chromosomal DNA.

Molecular characterization of integration events following
heterologous recombination between vector and chromosomal
DNA in vivo. At 55 days after injection of the HC-AdSLS16
vector, two mice were used for serial transplantation. Part of
the liver was removed for in situ detection of FAH� cells by
immunohistochemical analysis (Fig. 1B and C) and measure-
ment of the nodule frequency. The rest of the liver was per-
fused, hepatocytes were isolated, and 1 � 106 viable cells were
transplanted into secondary FAH�exon5 recipient mice via
splenic injection. By performing transplantation experiments,
we aimed at obtaining a larger amount of clonal cells that
would facilitate identification of junction sequences between
chromosomal and viral DNA.

The secondary recipients were cycled on and off NTBC until
complete repopulation with FAH� hepatocytes had occurred.
To characterize chromosomal junctions between vector and
chromosomal DNA as direct evidence for vector integration,
DNA was isolated from the livers of several FAH�exon5 mice
that had been repopulated with hepatocytes isolated from pri-
mary animals injected with the HC-AdSLS16 vector, as de-
scribed above. Since earlier work on HC-Ad vector recombi-
nation indicated that the vector genome integrated mainly

FIG. 1. Analysis of random integration of HC-Ad vector DNA into
chromosomal DNA in vivo. (A) Map of HC-AdSLS16 vector express-
ing the murine FAH cDNA from the RSV promoter. ITR, Ad5 in-
verted terminal repeat; �, Ad5 packaging signal; stuffer DNA, 16-kb
stuffer from human HPRT genomic DNA (nt 1799 to 17853 of human
HPRT gene); RSV, RSV promoter; mFAH cDNA, murine FAH
cDNA; stuffer DNA, 9-kb c346 stuffer (nt 12421 to 21484 of cosmid
c346). The HC-AdSLS16 vector was used to analyze random integra-
tion events. (B and C) Representative photomicrographs of liver sec-
tions stained with hematoxylin-eosin. FAH expression is detected with
a polyclonal rabbit antibody to rat FAH.

TABLE 1. Heterologous recombination of HC-Ad vector DNA with chromosomal DNA in vivoa

Mouse
identifier

No. of
hepatocytes

No. of vector
particles

transducing the
hepatocytes

No. of
colonies

Correction
factor

Integration rate/
i.u./hepatocyte

28 244,573 110,058 55 6.4 7.81 � 10�5

29 784,993 353,247 79 6.4 3.49 � 10�5

30 211,113 95,001 41 6.4 6.74 � 10�5

58 630,406 283,683 97 2.5 1.37 � 10�4

59 1,923,542 865,594 145 2.5 6.70 � 10�5

11 884,958 398,231 51 4 3.20 � 10�5

a Summary of the results following injection of 5 � 108 i.u. of the HC-AdSLS16 vector expressing the FAH cDNA. Details of the calculation are provided in the
Materials and Methods section.
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as an intact molecule through the vector termini (12, 14, 36),
as also observed previously with wild-type adenovirus DNA
(6), we designed our PCR primers accordingly (36). The
junctions between the viral termini and the chromosomal
DNA were amplified using inverse PCR (22, 35, 39), and the
PCR products were cloned and sequenced. Except in one
case, small deletions of between 1 and 78 nucleotides of
the Ad vector terminus were detected (Table 2). Two of the
seven integrations analyzed had taken place in genes (de-
fined as regions between the transcriptional start site and the
termination signal) (Table 2). In five of seven of the junction
sites, the presence of microhomologies (3 or more nucleotides)
between the vector DNA and chromosomal DNA was noticed.

Homologous recombination between vector and chromo-
somal DNA in vivo. To determine the rate of homologous
recombination of the vector DNA with the chromosomal DNA
in vivo, we constructed the Ad vector HC-AdSLS14 carrying a
genomic 12.3-kb fragment of the murine FAH locus spanning
the region between the first and the ninth introns of the FAH
gene (Fig. 2A). FAH� nodules were expected to arise in the
liver only when, upon homologous recombination between the
FAH locus and the HC-AdSLS14 vector, the disrupted exon 5
in the mouse chromosome was replaced by the normal allele.
Note that random integration of the HC-AdSLS14 vector

would not result in FAH expression, since the construct is
without a promoter; lacks exon 1, including the ATG codon;
and also lacks exons 10 to 14. FAH�exon5 mice were injected
via the tail vein with 1 � 1010 and 2 � 109 i.u. of the HC-
AdSLS14 vector. Following injection, the mice were kept on
NTBC for 2 weeks. Thereafter, selective pressure for the for-
mation of FAH-positive nodules in the livers was induced by
removing NTBC from the diet for 4 weeks. Four mice were
killed at this point, and for the others NTBC was restored in
the drinking water, until they were killed 2 weeks later.
Following immunohistochemical analysis of the livers of
these animals, FAH-positive groups of hepatocytes were
detected (Fig. 2C and D). The rate of homologous recom-
bination between the vector DNA and the chromosomal
DNA was determined as described above (Table 3). Accord-
ingly, HC-Ad vector DNA underwent homologous recom-
bination with the chromosomal DNA at a median rate of
3.89 � 10�7/i.u./hepatocyte (median, 3.89 � 10�7; 92.9%
CI, 2.13 � 10�7 to 6.03 � 10�7). In other words, about 1 out
of 2.6 � 106 hepatocyte-transducing vector genomes recom-
bined with the chromosomal DNA via homologous recom-
bination.

To demonstrate the correction of the exon 5 disruption in
the knockout mice following homologous recombination by

TABLE 2. Summary of analysis of the nucleotide sequences of the junction sites between vector and chromosomal DNAa

Mouse
identifier

Ad5
term

Integration in
chromosome

Deletion
from Ad
terminus

Nucleotide sequence of 20 nt at junction
between vector and chromosomal DNA

Integration
in gene

Comment(s) on integration, names of genes
where integration took place

16.2 R Unknown 31 5�-ACATTGGCTTTGAGGACAGC-3� Yes Substitution at position �9; 45S pre-rRNA
511 L 5, nt 65264899 15 5�-AGATACACAAACCTTATTTT-3� No 2 microhomologies of 3 nt
327 L 10, nt 36736768 1 5�-ATAGAGTTATATCATCAATA-3� No 1 microhomology of 3 nt; vector integrated

15,074 nt downstream of the Hdac2 gene
S21 R 2, nt 89512808 10 5�-AAGGTATATTTAGTCTCTTT-3� No 1 microhomology of 4 nt; vector integrated

11,435 nt upstream of the Olfr1250 gene
S23 L 2, nt 181002607 64 5�-TGGCAAGAGAGACGTGGCGC-3� Yes Gmeb2
S23 R 12, nt 113549717 16 5�-CAAAATAAGGCACACAAACA-3� No 1 microhomology of 3 nt and 1

microhomology of 4 nt
S24 R 18, nt 60584686 78 5�-CGTTCCCACGAGGGTGTATA-3� N 2 microhomologies of 3 nt; vector integrated

34,205 kb upstream of the ligp1 gene

a The table lists the integration sites of AdSLS16, the Ad5 terminus which was sequenced during the inverse PCR, the details of the site where the vector DNA
integrated, the deletions from the vector terminus, the nucleotide sequences of the junctions between cellular and vector DNA, and additional information. BLAST
searches of the NCBI and ENSEMBL databases were performed. By convention, when the same nucleotides were found in the junction that corresponded to both the
Ad5 DNA and genomic DNA, they were taken as having originated from the Ad terminus. Ad5 terminus sequences are underlined. R, right Ad5 terminus; L, left Ad5
terminus. The names of the genes in which vector DNA integration had taken place are given in boldface letters.

TABLE 3. Homologous recombination of HC-Ad vector DNA with chromosomal DNA in vivoa

Mouse
identifier

No. of AdSLS14
i.u. units

No. of
hepatocytes

No. of vector
particles

transducing the
hepatocytes

No. of
colonies

Correction
factor

Integration rate/
i.u./hepatocyte

20 2 � 109 803,559 2,571,388 28 6.4 1.70 � 10�6

22 2 � 109 1,236,768 3,957,658 13 6.4 5.13 � 10�7

23 2 � 109 1,133,067 3,625,816 14 6.4 6.03 � 10�7

25 2 � 109 1,253,017 4,009,653 7 6.4 2.73 � 10�7

5 1 � 1010 890,222.9 8,902,229 31 8 4.35 � 10�7

6 1 � 1010 1,115,924.6 11,159,246 19 8 2.13 � 10�7

7 2 � 109 1,369,930 4,383,776 12 8 3.42 � 10�7

8 2 � 109 1,572,518 5,032,058 4 8 9.94 � 10�8

a Summary of the results following injection of the HC-AdSLS14 vector carrying the FAH genomic DNA fragment from introns 2 to 9. Details of the calculation
are provided in the Materials and Methods section.
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the vector DNA, PCR was carried out with the DNA ex-
tracted from the livers of mice that had been either injected
with the HC-AdSLS14 vector or serially transplanted with
hepatocytes from mice injected with the HC-AdSLS14 vec-
tor (Fig. 2B and C). The PCR was designed to produce only
a 180-bp product from the corrected locus and a 240-bp
product from the knockout allele (8). As expected, in addi-
tion to the 240-bp fragment, a smaller product was observed
in the livers of the injected mice (Fig. 2B), and sequencing
demonstrated that FAH exon 5 had been corrected. How-
ever, we cannot formally rule out the possibility that the
smaller band was amplified from episomal vector DNA or a
heterologous integrant, even though it is unlikely that the
episome or a random integrant (which could not have a
selective advantage in this context) would have survived the
rounds of transplantation and amplification of the hepato-
cytes in the recipient livers, where the FAH� nodules were
clearly visible.

DISCUSSION

Following the occurrence of leukemia in several children
with SCID-X1 undergoing ex vivo hematopoietic gene therapy
with a retroviral vector (9, 10), the consideration of genotoxic
effects due to insertional mutagenesis has become an essential
part of any risk-benefit analysis of treatments with integrating
vectors. However, although hundreds of individuals have re-
ceived large doses of adenovirus vectors by either local or
systemic injection, only little information on Ad vector inte-
gration in vitro is available and no information on vector DNA
integration after in vivo gene transfer is available.

Our study, being the first to address this issue in vivo, was
designed to allow the analysis of homologous and heterologous
recombination events between adenoviral vector DNA and
chromosomal DNA, aiming not only to establish quantitative
data on in vivo Ad vector integration but also to provide a first
characterization of the quality of vector integration.

FIG. 2. Analysis of homologous recombination of HC-Ad vector DNA with chromosomal DNA in vivo. (A) Schematic of the HC-AdSLS14 vector
carrying a 12.3-kb genomic fragment of the murine DNA and the scheme of homologous recombination (X) whereby exon 5 in the FAH locus may be
replaced by the targeting vector. ITR, Ad5 inverted terminal repeat; �, Ad5 packaging signal; murine FAH fragment, 12.3-kb murine FAH genomic
DNA fragment beginning at nt 91754097 of the murine FAH gene from introns 1 to 9; E2 to E9, wild-type exons 2 to 9, respectively; E5*, mutated exon
5 with NeoR insertion; Neo, NeoR gene; stuffer DNA, 16-kb stuffer from human HPRT genomic DNA (nt 1799 to 17853 of human HPRT gene). The
positions of the primers used in the PCR to demonstrate the presence of an uninterrupted exon 5 in the livers are indicated as the horizontal arrows
FAHA, FAHB, and FAHC. (B) The 2% agarose gel used for separation of the PCR products; Lanes: �, water controls; f�* and f�, C57/BL6 and 129
mouse controls; respectively; p, pSLS14 plasmid control; f�, FAH�/� mouse negative control; 10, FAH�/� mouse injected with the first-generation Ad
vector negative control; 9, transplantation recipient of HC-AdSLS16 vector negative control; 4 to 8, transplantation recipients; 1 to 3, injected animals.
(C and D) Representative photomicrographs of liver sections stained with hematoxylin-eosin. FAH expression is detected with a polyclonal rabbit
antibody to rat FAH.
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To detect random integration events due to heterologous
recombination between vector and chromosomal DNA, we
injected FAH-deficient mice with a dose resulting in an aver-
age of 0.5 vector genomes per hepatocyte. This dose is similar
to the vector amount we previously used in vitro for transduc-
tion of primary human cells and cell lines (36). In vivo we
calculated an integration frequency of 6.72 � 10�5/i.u./hepa-
tocyte, meaning approximately 1 integration event in 14,880
vector-transduced hepatocytes. This number is less than the
5.5 � 10�3 to 1.1 � 10�4/i.u./cell (corresponding to 1 integra-
tion event for every 200 to 10,000 transduced cells) that we had
observed in our in vitro studies (36). Although the FAH model
is sensitive for detection of FAH-expressing hepatocytes in an
FAH-negative background, it is possible that the actual inte-
gration frequency is somewhat higher, since the calculated rate
of recombination was dependent on detection of FAH� nod-
ules and occasional promoter silencing of the transgene ex-
pression cassette cannot be excluded. On the other hand, since
fumarylacetoacetate and maleylacetoacetate are DNA-damag-
ing agents, their presence in the precorrected cell might pro-
mote an increase in the number of recombination events com-
pared to the number in normal hepatocytes.

Interestingly, the FAH model was even suitable to detect
rare homologous recombination events between adenoviral
vector and chromosomal DNA. Using higher vector doses to
increase the sensitivity, we measured a homologous recombi-
nation rate of 3.89 � 10�7/ i.u./cell, meaning that 1 out of 2.6 �
106 vector genomes that had been taken up by hepatocytes
underwent homologous recombination with one of the knock-
out alleles. For comparison, in our in vitro study using vector at
a multiplicity of infection of (MOI) of 1, homologous recom-
bination occurred at a rate of 2 � 10�5 to 1.6 � 10�6 per
i.u./cell (36). Together, the heterologous and homologous re-
combination frequencies in vivo appeared to be lower than
those in vitro, and as expected, the rate of homologous recom-
bination was considerably lower than the rate of heterologous
recombination, confirming previous data obtained from in vitro
studies (12, 14, 36, 42, 43), although in studies with embryonic
stem cells, the percentage of homologous recombination was
found to be quite high (28, 37).

The molecular characterization of random vector integra-
tion at the sequence level, although it has so far been per-
formed with only a very limited data set, revealed many fea-
tures that mirrored those previously observed following both
wild-type Ad12 DNA integration, resulting in tumor formation
in hamsters (4, 6), and Ad5 vector DNA integration in cultured
cells (12, 14, 28, 36, 42, 43). Since our in vitro study (36)
suggested that Ad vector integration takes place mainly
through the vector termini, we used PCR primer pairs de-
signed for amplification of junction sequences between vector
and chromosomal DNA. Frequently, small deletions of termi-
nal viral nucleotides were detected (Table 2), and micro-
homologies between the viral termini and the chromosomal
preintegration sites were often observed. In one out of the
seven integrations analyzed, a substitution was observed 9 nu-
cleotides downstream of the integration event. The presence of
microhomologies between the viral terminus and chromosomal
DNA has been observed in recombination studies of both viral
vectors (28, 36, 43) and wild-type adenovirus (5, 6). Two out of
seven integrations had occurred within genes, and in three of

the remaining five integrations, the vector DNA had recom-
bined into a locus between 11 and 34 kb upstream or down-
stream of a gene. While the overall number of integrations that
we analyzed was low, not justifying any conclusion relating to
potential integration preferences into genes to be made, we
note that in our previous in vitro study (36), half of the inte-
gration events had occurred within genes, indicating a prefer-
ence for integration into gene loci. Preferential integration into
genes has been observed with all vector systems tested so far
(2, 14, 24, 26, 47), apart from foamy virus-derived vectors (28
to 31% in human, 30% in dog) (1, 40).

Another observation of potentially significant concern which
has been documented upon Ad12 DNA integration in vitro (6,
34) and in vivo (15) and also in some instances following Ad
vector integration in cultured cells (43) has been chromosomal
deletions, sometimes of substantial size, and rearrangements
(12, 28, 36). We believe that with current technology, this
cannot be easily demonstrated in liver tissue. However, given
that all other documented and quality-related features suggest
nonhomologous end joining (NHEJ) as the mechanism in-
volved in Ad vector integration, we consider it very likely that
such mutations would also occur following gene transfer in
vivo.

A liver of an adult human with a weight of 1.2 to 1.5 kg and
a hepatocellularity of about 1.07 � 108 cells/g (45) consists of
about 1.5 � 1011 hepatocytes. Assuming that the liver of a
patient is transduced in such a way that each hepatocyte will
receive one vector genome (cell-specific MOI � 1), an inte-
gration rate of 6.72 � 10�5/i.u./hepatocyte, as determined in
this study, would translate to a total of 1.01 � 107 hepatocytes
carrying a chromosomally integrated vector genome. Due to
the size of the adenoviral vector genome, we can assume that
most of the integration events, even when they are in introns,
would result in gene inactivation.

According to published data from the human genome se-
quencing effort, the human genome has a size of 2.9 � 109 nt
and harbors a maximum of 25,000 genes (16), with the mean
gene size being 27 kb (19) and the mean size of the protein-
coding parts being 1.35 kb. If integration were random, in one
liver there would be a total of 94 integrations into every gene
and of 4 to 5 integrations into the coding part of every gene.
Since Ad vectors have an up to 2-fold preference for integra-
tion into genes in vitro, depending on the cell type used (28, 36,
43), we can assume up to 188 integrations into every gene and
about 9 integrations in the coding part of every gene. At first
sight, these numbers may appear to be very high. However, to
be meaningful within a risk analysis, these numbers have to be
compared with the spontaneous mutation frequency in liver
tissue, i.e., the number of gene mutations in a specific locus at
a given time. In transgenic rodents bearing the Escherichia coli
lacI transgene, a spontaneous mutation frequency of about 3 �
10�5 has been documented (48). To our knowledge, corre-
sponding quantitative data for hepatocytes from humans are
not available. In humans, hematopoietic cells have been the
most extensively studied system. The spontaneous mutation
frequency can vary, depending on the model system, from
	1 � 10�4 to 
1 � 10�8 (7). For the HPRT system, the most
thoroughly studied system, the overall mean mutation fre-
quency (for inactivating mutations) calculated from different
studies has been determined to be about 6 � 10�6 (corre-
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sponding to 1 mutant HPRT allele in 1.7 � 105 cells) (7). We
now consider the likelihood that the Ad vector will integrate
into the HPRT locus and assume that most integrations of the
adenoviral vector genome will result in inactivation of the
HPRT gene. With a 40-kb size of the HPRT gene and a
genome size of 2.9 � 109 bp, the overall probability of inte-
grating into/disrupting the HPRT gene is about 0.9 � 10�9 in
case of random integration and 1.8 � 10�9 in case of preferred
integration into genes. Therefore, compared to the spontane-
ous mutation frequency, the likelihood that Ad vector integra-
tion would result in the inactivation of genes is relatively low.

Although these findings are reassuring, they does not ex-
clude the possibility of a genotoxic effect through mechanisms
other than gene inactivation; for example, (i) a genotoxic effect
may occur through inactivation of tumor suppressor genes, in
particular, in individuals who are already heterozygous at a
tumor suppressor locus. (ii) It may occur through gene activa-
tion; for example, to our knowledge it has not been addressed
directly whether the well-known E1A enhancer, located at the
left terminus of the vector genome, can activate genes in the
neighborhood of the integration side, although we believe that
this may well occur. (iii) A genotoxic effect may occur through
disruption of microRNA genes; this may substantially influ-
ence the expression of large numbers and networks of genes
(11), and the effects will not be restricted to single transcription
units. (iv) It may occur through chromosomal deletions and
structural rearrangements; these may have more significant
consequences than simple gene inactivation. The frequency of
their occurrence has not been determined so far, although in
vitro studies (6, 28, 34, 36, 43) suggest that they may well occur.
(v) A genotoxic effect may occur through the effects of foreign
DNA insertion on remote parts of the genome, resulting in
alterations to epigenetic and transcriptional patterns (3).

We acknowledge that, depending on the route of delivery,
current Ad vector technology is relatively inefficient in specific
gene transfer due to barriers preventing efficient gene transfer
into target cells, so that a very small fraction (probably less
than 0.1%, in most cases) of the injected vector, whether it is
given intramuscularly for vaccination or intravenously for liver
gene transfer, will reach target or nontarget cells. We suggest,
however, that concurrent with improvements in vector tech-
nology resulting in improved gene delivery, genotoxic side ef-
fects due to less well studied consequences (see above) should
be investigated in greater detail.
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